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Abstract 

Objectives: Traditionally, the antiviral efficacy of classic cocktail therapy is 

significantly limited by the distinct pharmacokinetic profiles of partner therapeutics 

that lead to inconsistent in vivo bio-distribution. Here we developed a new cocktail-

like drug delivery vehicle using biodegradable polymeric nanoparticles (NP) 

encapsulating non-nucleoside reverse transcriptase inhibitor (NNRTI) DAAN-14f 

(14f), surface-conjugated with HIV-1 fusion inhibitor T1144, designated T1144-NP-

DAAN-14f (T1144-NP-14f), and aiming to achieve enhanced cellular uptake, 

improved antiviral activity and prolonged blood circulation time.  

Methods: T1144-NP-14f was prepared through the emulsion/solvent evaporation 

technique and a maleimide-thiol coupling reaction. Particle size and morphology were 

determined by dynamic light scattering detection and transmission electron 

microscopy. Anti-HIV-1 activity was assessed by HIV-1 Env-mediated cell-cell fusion 

and infection by laboratory-adapted, primary, and resistant HIV-1 isolates, 

respectively. The in vitro release of 14f was investigated using the equilibrium 

dialysis method, and the pharmacokinetic study of T1144-NP-14f was performed on 

Sprague-Dawley rats.      

Results: T1144-NP-14f displayed a spherical shape under TEM observation and had a 

size of 117 ± 19 nm. T1144-NP-14f exhibited strongest antiviral activity against a 

broad spectrum of HIV-1 strains, including NNRTI-, T1144-, or T20-resistant isolates, 

respectively. Both in vitro release and in vivo pharmacokinetic profile showed that 



Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

 

T1144-NP-14f exhibited a sustained controlled release behavior.  

Conclusions: Our results demonstrated that the combination of entry inhibitor with 

NNRTI encapsulated in nanoparticles (T1144-NP-14f) was highly effective in 

inhibiting HIV-1 infection. This new cocktail-like drug delivery platform could serve 

as an effective anti-HIV-1 regimen by taking advantage of the extrinsic and intrinsic 

antiviral activity of individual drugs. 
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Introduction 

In recent years, human immunodeficiency virus type 1 (HIV-1) has become one 

of the deadliest infectious diseases among adults. Globally, acquired immune 

deficiency syndrome (AIDS) induced by HIV infection has killed more than 25 

million people (http://www.unaids.org). UNAIDS estimates about 33 million people 

living with HIV/AIDS worldwide, including approximately 4.5 million youths and 2.1 

million adolescents. Although many infected individuals have access to highly active 

antiretroviral therapy (HAART), new drugs and drug delivery strategies that offer 

improvements in potency and activity against HIV, even against multidrug-resistant 

HIV-1 viruses, are urgently needed [1, 2].  

http://www.unaids.org/
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To date, most approved HIV medicines belong to the class of reverse 

transcriptase inhibitors and protease inhibitors [3]. However, clinical application of 

these inhibitors has been largely limited by the short half-life after administration, 

rapid induction of drug resistance, and high cost [4]. For example, enfuvirtide (also 

known as T20), which was the first HIV fusion inhibitor approved by FDA, exhibited 

favorable anti-HIV efficacy by interfering with the target cell to block the fusion of 

viral and cellular membrane [1, 5]. However, the drawbacks, including short in vivo 

half-life (less than 3 h) and the emergence of T20-resistant strains, have significantly 

impeded the broad clinical application of T20 [6-9]. Furthermore, the therapeutic 

potency of T20 cannot be increasingly enhanced by the lack of the gp41 pocket-

binding domain.  

  Drug delivery systems based on nanotechnology have offered approaches 

resulting in the development of a “diverse toolbox” for disease treatment [10]. A case 

in point is represented by therapeutic peptides or small-molecule drugs 

conjugated/incorporated into versatile nanoparticles that exhibit well-recognized 

advantages, including hydrophilic and hydrophobic multidrug co-incorporation, 

prolonged circulation time in vivo, decoration with functionalized ligands, and 

enhanced patient compliance [11, 12]. Among a myriad of successful applications, 

nanoparticles for anti-HIV treatment have emerged as an especially promising drug 

delivery platform in comparison to conventional drug delivery formulations as a 

consequence of decreased drug clearance rate at physiological condition and 



Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

 

controlled, site-specific drug release, thus reducing unwanted side effects [13, 14]. 

More importantly, nanoparticle drug delivery strategies can effectively circumvent the 

P-glycoprotein (Pgp) efflux process, which can significantly enhance intracellular 

drug concentration [15].  Our previous study showed that the reverse transcriptase 

inhibitor  DAAN-15h, which was encapsulated in PEG-PLA NP, exhibited high 

antiviral activities in MT-2, M7, and TZM-b1 cells expressing CD4 receptor and 

CCR5 or CXCR4 co-receptor compared to DAAN-15h drug solution [16]. Therefore, 

the integration of anti-HIV drugs with nanoparticles can broaden drug delivery 

flexibility and the scope of drug design, allowing for promising applications in the 

anti-HIV treatment field.  

Combination therapy holds considerable appeal in enhancing antiviral activity by 

achieving synergistic effects and has been validated as more effective than 

monotherapy [17-20]. However, the general administration of a “cocktails”-based 

combination therapy often suffers from distinct pharmacokinetic profiles of different 

therapeutics that lead to inconsistent in vivo bio-distribution and, hence, inefficient 

therapy [21-23]. To address this dilemma, a new cocktail-like drug delivery vehicle 

using biodegradable nanoparticles was developed in this study. Specifically, we took 

advantage of functional maleimide groups on PEG chains and employed 

biocompatible Mal-PEG-PLA to engineer the nanoparticles with encapsulated 

NNRTI-DAAN-14f (14f) and surface-conjugated T1144 peptide, a third-generation 

HIV fusion inhibitor with enhanced antiviral activity (Fig. 1a).  As an extrinsic (i.e., 
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extracellular) combinatorial component, peptide T1144 would be expected to bind to 

the exposed grooves on the pre-fusion intermediate (PFI) and inhibit the fusion of 

virus with the target cell membrane [24], whereas the intrinsic (i.e., intracellular) 

combinatorial component, encapsulated NNRTI 14f, would be expected to internalize, 

diffuse and interact with a highly hydrophobic cavity in reverse transcriptase in a 

noncompetitive manner and allosterically block the chemical step of DNA synthesis 

(Fig. 1b) [25, 26]. As such, the integration of T1144 and 14f in a single nanoparticle 

offers a combinatorial antiviral effect against a broad spectrum of HIV-1 strains, 

including multidrug-resistant mutants. Moreover, the new cocktail-like drug delivery 

vehicle T1144-NP-DAAN-14f (T1144-NP-14f) holds other advantages, including 

enhanced intracellular uptake, sustained controlled release behavior, and prolonged 

blood circulation time in vivo. We believe this new strategy for anti-HIV treatment 

holds promise in overcoming the limitations and drawbacks of conventional single 

anti-HIV drug delivery at both research and clinical levels. 

 

Materials and Methods 

Animals and Materials 

   Methoxy-poly (ethylene glycol) 3000-poly (lactic acid) 34000 (MePEG-PLA) 

and maleimide-poly (ethylene glycol) 3400-poly (lactic acid) (Mal-PEG-PLA) were 

obtained from the University of Electronic Science and Technology of China 

(UESTC). Peptides T1144, N36, and C34 were synthesized by a standard solid-phase 
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FMOC method at GL Biochem Ltd. (Shanghai, China). The peptides were purified to 

homogeneity (> 99% purity) by HPLC and verified by mass spectrometry. The cells 

(MT-2, M7, and TZM-b1), the laboratory-adapted HIV-1 strains IIIB and Bal, and the 

primary HIV-1 isolates, including the NNRTI-resistant HIV-1 strains, the T1144-

resisitant HIV-1 strains, and the T20-resistant strains, were obtained from the NIH 

AIDS Research and Reference Reagent Program. The small molecule NNRTI 14f was 

synthesized as previously described [27]. 

   Six- to eight-week-old male Sprague-Dawley (SD) rats were used in the study. 

The animal studies were carried out in strict accordance with the recommendations in 

the Guide for the Care and Use of Laboratory Animals of Fudan University.  

Preparation of T1144-NP-14f 

   Nanoparticles (NP) loaded with 14f were prepared through the 

emulsion/solvent evaporation technique according to the procedure described 

previously [28]. First, 22.5 mg MePEG-PLA, 2.5 mg Mal-PEG-PLA and 14f (100 μg) 

were dissolved in 1 ml dichloromethane, after which 2 ml of 1% sodium cholate 

aqueous solution were added and emulsified by sonication (240 w, 30 s) with a 

sonicator in ice bath. After sonication, the emulsion was added into 8 ml of 0.5% 

sodium cholate aqueous solution under rapid stirring for 5 min. The emulsion was 

subsequently subjected to a rotary evaporator to remove the dichloromethane, 

followed by centrifugation at 15000 rpm for 1 h. The supernatant was discarded, and 

the nanoparticles (NP-14f) were resuspended in distilled water and stored at 4
 o

C for 
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further use.  

   T1144-functionalized nanoparticles (T1144-NP-14f) were prepared via a 

maleimide-thiol coupling reaction at room temperature for 8h as described previously 

[29]. T1144-NPs were prepared as described above without adding 14f, and blank 

NPs were prepared without adding 14f and conjugating with T1144. Coumarin-6-

labled NPs were prepared with the same procedure, except that coumarin-6 was added 

to the mixture instead of 14f. 

Characterization of the nanoparticles 

Particle size and zeta potential of blank NP, NP-14f, and T1144-NP-14f were 

determined by dynamic light scattering (DLS) detection (Wyatt Technology, Santa 

Barbara, CA, USA). 

   Morphological examination of blank NP, NP-14f, and T1144-NP-14f was 

performed by transmission electron microscopy (TEM) (H-600, Hitachi, Japan), 

following negative staining with phosphotungstate solution. 

Detection of inhibition of 6-HB formation by ELISA   

The sandwich ELISA for testing inhibitory activity of a drug against gp41 six-

helix bundle (6-HB) formation was described previously [30, 31]. Briefly, tested 

drugs (NP, 14f, T1144, NP-14f, T1144-NP, and T1144-NP-14f) at graded 

concentration were mixed with N36 peptide (2 μM) and incubated at 37 
o
C for 30 

min, followed by addition of C34 (1 μM) and again incubated at 37 
o
C for 30 min. 

Then the mixture was added to a 96-well polystyrene plate, which was precoated with 
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a 6-HB-specific monoclonal antibody (mAb), NY-364 IgG (2 μg/ml in 0.1 M Tris, pH 

8.8), and then incubated at 37 
o
C for 1 h and washed with PBST (PBS + 0.05% 

Tween-20). Next, the mAb NC-1, horseradish peroxidase-labeled rabbit-anti-mouse 

IgG and the substrate 3, 3’, 5, 5’-tetramethylbenzidine (TMB) were added 

sequentially. Absorbance at 450 nm was detected using an ELISA reader (Tecan, 

USA). 

Measurement of the inhibitory activities of T1144-NP-14f on infection by HIV-1 

strains with different subtype and tropism   

The inhibitory activities of T1144-NP-14f on infection by HIV-1 IIIB virus 

(subtype B, X4) were tested in MT-2 cells by p24 assay as previously described [32-

34]. In brief, 1 × 10
4
 MT-2 cells were infected with HIV-1 virus at 100 TCID50 (50% 

tissue culture infective dose) overnight in 200 μl RPMI 1640 medium containing 10% 

FBS in the presence or absence of T1144-NP-14f at graded concentration. The 

supernatant was then replaced with fresh medium, and on the fourth day post-

infection, 100 μl of culture supernatant were collected from each well and mixed with 

equal volume of 5% Triton X-100, followed by detection of the p24 antigen by 

ELISA, as previously described [35]. The inhibition of infection by NNRTI-resistant 

strains, T1144-resistant strains, and T20-resistant strains was detected in MT-2 cells 

by p24 assay as described above [32-34]. 

   In order to test the antiviral activities of T1144-NP-14f in HIV-1 Bal (subtype 

B, R5) and primary HIV-1 isolates, 50μl T1144-NP-14f at graded concentrations were 
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incubated with HIV-1 virus at 100 TCID50 for 30 min, followed by the addition of 

100 μl M7 cells (1 × 10
5 

cells/ml). The culture supernatant was changed with fresh 

RPMI 1640 medium containing 10% FBS overnight. On the seventh day post-

infection, 100 μl culture supernatant were collected from each well and mixed with 

equal volume of 5% Triton X-100, followed by detection of the p24 antigen. The 

IC50 values were calculated with Calcusyn software, kindly provided by Dr. T. C. 

Chou at Sloan-Kettering Cancer Center (New York, NY) [36, 37]. 

In vivo pharmacokinetic studies of 14f solution, NP-14f, and T1144-NP-14f 

In vivo pharmacokinetics of 14f solution, NP-14f, and T1144-NP-14f was 

investigated using SD rats (200 ± 20 g), which were obtained from the Experimental 

Animal Center of Fudan University,  housed at 25 ± 1 °C with access to food and 

water ad libitum, and handled in accordance with the Guide for the Care and Use of 

Laboratory Animals of Fudan University. Nine SD rats were randomly divided into 

three groups (n = 3). The rats were then injected with 14f solution, NP-14f, and 

T1144-NP-14f suspended in sterile saline solution at the dose of 5 mg 14f/kg through 

the tail vein. At predetermined time points (0.083, 0.25, 0.5, 1, 2, 4, 6, 8, 12, 16, 24, 

and 48 h), blood samples were collected from the carotid vein and centrifuged at 800 

g for 10 min with the supernatant stored at -20 
o
C until analysis. 

  Blood concentration of 14f was determined by reverse-phase high 

performance liquid chromatography coupled with tandem mass spectrometry (LC-

MS/MS) detection. To prepare samples for analysis, 120 μl methanol containing 50 
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ng/ml warfarin (internal standard) were added into 30 μl plasma to precipitate the 

protein. The mixture was vortexed and subsequently centrifuged at 12000 rpm for 10 

min with the supernatant mixed with an equal volume of distilled water and subjected 

to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. The 

pharmacokinetics data analysis was performed by means of a model-independent 

method. All concentration data were dose-normalized and plotted as plasma drug 

concentration-time curves. Drug and Statistics software for Windows (DAS ver. 2.1.1) 

was utilized to calculate the pharmacokinetics parameters. 

 

Results 

Characterization and biophysical determination of T1144-NP-14f 

  The nanoparticles were prepared via emulsion/solvent evaporation. T1144-NP and 

T1144-NP-14f were obtained via a maleimide-thiol coupling reaction. Particle sizes, 

polydispersity indexes (PDI), and zeta potentials of blank NP, NP-14f, and T1144-NP-

14f were determined by dynamic light scattering detection. As shown in Figure 2a, b, 

and c, the sizes of NP, NP-14f and T1144-NP-14f were 92.8 ± 5.3 nm, 97.0 ± 15.6 

nm, and 117.0 ± 18.9 nm, respectively. The encapsulation of NNRTI 14f did not 

significantly increase the particle size of NP. The increased particle size after T1144 

conjugation suggested the existence of T1144 peptide on the surface of NP-14f. The 

zeta potentials of NP, NP-14f, and T1144-NP-14f were –28.6 ± 4.7 mV, –24.3 ± 3.36 

mV, and –20.1 ± 5.2 mV, respectively (Table S1, ). 

http://links.lww.com/QAD/A838
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Representative TEM images illustrated that blank NP, NP-14f, and T1144-NP-14f 

exhibited a similar spherical shape (Fig. 2d, e, and f). The T1144-NP-couamrin-6 

assembly was observed by colocalization of the fluorescence signals of coumarin-6 

(green) in the nanoparticles and Rhodamine (red) in the Rhodamine-labled T1144 

peptide (Fig. 2g). The LC of NP-14f and T1144-NP-14f, as detected by HPLC, was 

1.53 ± 0.03% and 1.37 ± 0.06%, with EE of 48.3 ± 2.3% and 47.6 ± 1.6%, 

respectively. 

Coumarin-6 was used as the fluorescent probe to study the performance of different 

14f formulations in MT-2 cells and M7 cells. As shown in Figure 3a and 3b, the 

cellular internalization of T1144-NP-coumarin-6 and NP-coumarin-6 in MT-2 cells 

and M7 cells was higher than dissociative coumarin-6 at coumarin-6 concentrations 

ranging from 25 ng/ml to 600 ng/ml at 37 
o
C and 4 

o
C, respectively. In addition, the 

uptake by MT-2 cells and M7 cells were temperature-dependent which was illustrated 

by the higher fluorescence signal at 37 
o
C when compared to 4 

o
C. Time-dependent 

uptake profiles could be observed with the 15 to 30-fold higher cellular uptake of 

T1144-NP-coumarin-6 than coumarin-6 solution by MT-2 and M7 cells at the 

incubation time ranging from 0.5 h to 8 h (Figure 3c and 3d). Therefore, the cellular 

internalization of T1144-NP-coumarin-6 occurred in concentration-, temperature-, and 

time-dependent manner.  

   The cellular uptake mechanism of T1144-NP-coumarin-6 and NP-coumarin-6 in 

MT-2 and M7 lymphocytes was determined by using various endocytosis inhibitors.  
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Inhibition experiments showed that the cellular uptake of T1144-NP-coumarin-

6 and NP-coumarin-6 were inhibited by energy-depletion agent-

NaN3 + deoxyglucose, lipid raft inhibitor-MCD, and lysosome inhibitor-monension 

(Figure S1, ). 

The intracellular delivery of NP-coumarin-6 and T1144-NP-coumarin-6 in TZM-

b1 cells was also investigated using confocal laser scanning microscopy (CLSM). NP-

coumarin-6 and T1144-NP-coumarin-6 were internalized by cells via lipid draft-

mediated lysosome pathway. As shown in Figure S2, most of the endocytosed NPs 

were found in lysosome and late endosome judged by the colocalization of green 

fluorescence (NPs) and red fluorescence (Rhodamine-labeled lysosome and late 

endosome). The observation result was consistent well with the interlization inhibition 

experiments. 

  The formation of 6-HB fusion core is a critical step during HIV-1 fusion with the 

target cell. T1144 was able to bind to viral gp41 N-trimer NHR to block 6-HB fusion 

core formation [38]. Here a sandwich ELISA was used to determine whether T1144-

NP-14f possessed inhibitory activity on gp41 6-HB formation. As shown in Figure 4a, 

T1144-NP-14f inhibited 6-HB formation in a dose-dependent manner similar to that 

of free T1144 peptide with IC50 of 4.77μM. These results indicated that T1144-NP-14f 

could interact with gp41 NHR and block 6-HB core formation between viral gp41 

NHR and CHR. In the HIV-1 Env-mediated cell-cell fusion assay (Fig. 4b), T1144-

NP-14f, T1144-NP, and T1144 peptide could inhibit the cell-cell fusion between 

http://links.lww.com/QAD/A838
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H9/IIIB and MT-2 cells with IC50s of 9.78 nM, 8.86 nM, and 8.38 nM, respectively. 

 

Increased antiviral activities of T1144-NP-14f against laboratory-adapted, 

primary HIV-1 isolates, and HIV-1-resistant strains with different subtypes and 

tropism 

   As shown in Figure 4c and 4d, T1144-NP-14f showed enhanced antiviral 

activity against laboratory-adapted HIV-1 strains IIIB (X4) and Bal (R5) compared 

with 14f solution, T1144, T1144-NP, and NP-14f, respectively. The IC50 values of 

T1144-NP-14f against HIV-1 IIIB and Bal were 0.24 nM and 0.13 nM, which are 

20.95- and 36.03-fold higher, respectively, than that of 14f solution against HIV-1 

infection, as well as 25.12- and 40.13-fold higher, respectively, than that of T1144 

peptide. The potential cooperative effects of T1144-NP-14f against HIV-1 IIIB and 

Bal strains were compared with T1144 combined with 14f solution. Results showed 

that T1144-NP-14f exhibited stronger synergistic effect against HIV-1 IIIB and Bal 

strains (CI: 0.05 ~ 0.08) than that demonstrated by T1144 peptide combined with 14f 

solution (CI: 0.13 ~ 0.25). Additionally, T1144-NP-14f displayed very strong 

synergism against 7 representative primary isolates of HIV-1, covering clades A, B, C, 

D, F, O and A/E subtypes X4, R5 or X4/R5 (CI: 0.03 ~ 0.1), with dose reductions of 

19.7 ~ 69.1-fold for T1144 peptide and 17.9 ~ 67.6-fold for 14f solution based on the 

IC50 values (Table S2 and Table S3, ). Notably, 

T1144-NP-14f showed higher potency than 14f against HIV-1 NNRTI-resistant 

http://links.lww.com/QAD/A838
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strains, including A17, RTMDR1, and Nevirapine-resistant strain with dose reduction 

of 5.71 ~ 23.99-fold. Furthermore, T1144-NP-14f possessed potent inhibitory 

activities against T1144- and T20-resistant strains with dose reduction of 7.56- ~ 

132.54-fold for T1144 and 6.2- ~ 82.82-fold for 14f, respectively (Table S4, 

). These results suggest that T1144-NP-14f 

possesses much more potent antiviral activities against a broad spectrum of HIV-1 

strains, which is promising for further development as an anti-HIV therapeutic drug. 

 

Sustained release of 14f in both in vitro and in vivo pharmacokinetic studies 

The in vitro release experiment showed that NP-14f and T1144-NP-14f presented 

almost the same release behavior (Fig. 5a). Biphasic drug release was observed for all 

nanoparticles. In the first 6 h, a burst release was achieved, while twenty-four hours 

later, the release rate slowed down. At the end of 96 h, the cumulative release of 14f 

from NP-14f was 78.25 ± 4.32% and 76.52 ± 3.68% from T1144-NP-14f. In contrast, 

more than 90% 14f was released from 14f solution within 6 h. 

After intravenous administration of 14f solution, NP-14f, and T1144-NP-14f at 

the dose of 5 mg/kg, blood samples were collected and analyzed. Plasma 14f 

concentration-time profiles were shown in Figure 5b. The 14f solution exhibited fast 

blood clearance, short half-life and low AUC0–t from systemic circulation. In contrast, 

much higher concentration and longer circulation time were achieved after 

encapsulation of 14f in nanoparticles. As shown in Figure 5b, 24 h post-injection, the 

http://links.lww.com/QAD/A838
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concentration of 14f solution was under the limit of detection, while NP-14f and 

T1144-NP-14f showed much higher concentration at all time points. NP-14f showed 

prolonged elimination half-life (t1/2 9.13 h), decreased clearance rate (CL 0.078 L/h), 

and extended AUC0-24h (63041.97 μg/L/h). Additionally, T1144-NP-14f exhibited 

elimination half-life of 9.08 h, clearance rate of 0.095 L/h, and AUC0-24h of 52536.01 

μg/L/h in vivo (Table S5, ). No significant 

difference was found between NP-14f and T1144-NP-14f, indicating that the 

combination of T1144 peptide and NP-14f did not change the circulation behavior of 

nanoparticles. 

 

Discussion 

   Nanotechnology has allowed versatile drug delivery platforms with high drug 

drug-loading capacity, as well as enhanced bioavailability and biocompatibility [39]. 

In this study, a new cocktail-like nanoparticle drug delivery system was developed by 

conjugating an HIV-1 entry inhibitor, T1144 peptide, on the surface of 14f-loaded 

NPs. This strategy addressed the current limitations for HIV-1 treatment, such as 

insufficient cellular internalization of drugs and short half-life in vivo. By combining 

the extracellular antiviral effect of T1144 peptide on the cell surface and the 

intracellular antiviral activity of 14f after internalization, we believe the new cocktail-

like T1144-NP-14f drug delivery system could serve as an optimized therapeutic 

strategy to combat HIV-1 infection. 

http://links.lww.com/QAD/A838
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   As shown in Figure 1, T1144 and 14f have different active destinations and, 

hence, the potential to block HIV-1 infection at different stages of the HIV-1 life 

cycle. T1144, as an entry inhibitor, could interact with gp41 NHRs and form 6-HB 

with N peptide (N36) to inhibit HIV-1 gp41-mediated virus-cell fusion, while the 

NNRTI-14f could interact with a highly hydrophobic cavity in reverse transcriptase 

(RT) in a noncompetitive manner to block the chemical step of DNA synthesis and, 

subsequently, block viral replication. Targeting multiple steps during the process of 

HIV-1 infection can reduce the development of new resistant viral strains [40, 41].   

  T1144-NP-14f nanoparticles were obtained through an emulsion/evaporation 

method with diameters of approximately 100 nm and an average narrow distribution 

[42, 43]. The cellular uptake and membrane transport mechanism of T1144-NP-14f 

showed significantly higher cellular internalization of T1144-NP-coumarin-6 and NP-

coumarin-6 when compared with coumarin-6 solution (Fig. 3), indicating that the NP 

carrier could enhance the endocytosis of drug and T1144 peptide, but without 

affecting interaction between functionalized nanoparticles and MT-2 or M7 cells. 

Successful intracellular drug delivery is a key step to improve the efficiency of a 

nanoparticle-base therapeutic. To figure out the endocytosis pathway, we incubated 

MT-2 or M7 cells with several different inhibitors to reveal the endocytosis 

mechanism of T1144-NP-coumarin-6. The internalization of both NP-coumarin-6 and 

T1144-NP-coumarin-6 was significantly inhibited by NaN3 + deoxyglucose, M-β-CD, 

and monensin, suggesting that the endocytosis of both NP-coumarin-6 and T1144-NP-
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coumarin-6 was lipid raft-mediated and energy-dependent with lysosome-enabled 

transport [44-46]. Furthermore, confocal images showed the extensive distribution of 

NP after endocytosis at cytoplasm, which was the active destination of NNRTIs, as 

evidenced by the separated fluorescence of coumarin-6 and DAPI (Fig. S2, 

). More importantly, the separated fluorescence of 

nanoparticle and lysosome indicated the efficient endosome escape, which was 

beneficial for intracellular functional drugs since the drugs entrapped in the endosome 

would be degraded. Taken together, the enhanced cellular uptake and efficient 

endosome escape ensured the sufficient intracellular drug concentrations, which built 

foundation for improved efficacy of NNRTIs. 

   The enhanced endocytosis of T1144-NP-14f by the nanoparticle drug carrier 

resulted in a significant increase of anti-HIV-1 potency. The inhibitory activity of 

T1144-NP-14f against infection of HIV-1 IIIB and Bal was 25.12- and 40.13-fold 

higher than that of T1144 peptide, respectively, and 20.95- and 36.03-fold higher than 

that of 14f solution (Fig. 4c and 4d). One possible mechanism underlying this 

increased antiviral activity could be attributed to the interaction between T1144 

peptide and the gp41 NHR-trimer to block 6-HB formation, thus avoiding viral entry 

and subsequent infection of the target cells. On the other hand, 14f played a decisive 

role in reverse transcriptase inhibition, as evidenced by ELISA (Fig. 4a) and cell-cell 

fusion (Fig. 4b) examination.  

   The In vitro cytotoxicity experiment showed that 14f solution and NPs exhibited no 
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significant cytotoxicity to cells at the concentration of 14f or T1144 as high as 4000 

nM (Fig. S3, ). These data indicated that enhanced 

internalization of T1144-NP-14f in MT-2 and M7 cells did not cause cytotoxicity, 

suggesting that PEG-PLA-based nanomaterials can be considered as safe polymer 

drug carriers for human use.  

   In vitro release of 14f was evaluated in PBS (pH 7.4) that showed an apparent 

biphasic release pattern for T1144-NP-14f and NP-14f. The release of 14f from 

T1144-NP-14f was significantly slower than that of 14f solution. The initial faster 

burst release was believed to derive from the agents that located at the outer layer of 

the particles, while the later and slower release appeared to result from agents affected 

by erosion or degradation of the matrix [47]. The pharmacokinetics profile of the 

T1144-NP-14f, NP-14f, and 14f formulations was studied on SD rats after 

intravenous administration. The 14f formulation exhibited quicker blood clearance, 

shorter half-life and lower AUC0-t from systemic circulation, while T1144-NP-14f and 

NP-14f showed significantly prolonged elimination half-life, decreased clearance rate, 

and extended AUC 0-24h, suggesting that the nanocarrier was effective in facilitating 

the circulation of 14f molecules and that T1144 peptide did not change the circulation 

behavior of T1144-NP-14f. We concluded from these findings that the PEG polymer 

coating on the surface of NPs could improve the in vivo pharmacokinetics profile of 

T1144-NP-14f. 

The emergence of nanotechnology has made a significant impact on the 
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development of clinical therapeutics, particularly providing an unparalleled 

opportunity for development of anti-HIV drugs. The application of nanotechnology 

offers the superiority of using anti-HIV drugs at lower dose, reduced systemic toxicity 

and enhanced therapeutic efficacy. However, translation of nanotechnology-based 

anti-HIV therapy into the clinics remains challenging. Significant efforts are needed 

to promote the translation process, including: 1) selection of absolutely biocompatible 

and biodegradable composition of nanoparticles; 2) carefully and rationally tailoring 

size and physicochemical property of the nanoparticles; and 3) providing desirable 

control over the drug biodistribution and pharmacokinetics to improve efficacy and 

reduce toxicity of nanoparticle-based anti-HIV therapeutics. 

   In conclusion, we employed biodegradable organic nanoparticles, PEG-PLA-

NP, for encapsulation of anti-HIV-1 drug 14f and conjugation of T1144, a third-

generation HIV-1 entry inhibitor, on the surface of nanoparticles. Our results 

demonstrated that the combination of entry inhibitor with reverse transcriptase 

inhibitor was highly effective in inhibiting R5-HIV-1 and X4-HIV-1, primary HIV-1 

isolates, NNRTI-resistant HIV-1 strains, and T1144-resistant HIV-1 strains. 

Additionally, T1144-NP-14f exhibited enhanced intracellular uptake, sustained 

controlled release behavior and prolonged blood circulation time. The results 

indicated that the new cocktail-like nanoparticle drug delivery platform could serve as 

an effective anti-HIV-1 regimen by taking advantage of extrinsic and intrinsic 

antiviral activity of the partner drugs. 
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Figure Legend 

Fig. 1. Schematic illustration. (a) Schematic of T1144-NP-14f assembly. NPs were 

composed of a biodegradable PLA core for drug encapsulation and PEG chain for 

particle stability. (b) Schematic diagram of HIV-1 and nanoparticle (T1144-NP-14f) 

trafficking and the putative mechanism of action of T1144-NP-14f to inhibit viral-cell 

membrane fusion. 
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Fig. 2. Characterization of T1144-NP-14f. Size distribution of blank NP (a), NP-14f 

(b), and T1144-NP-14f (c) was measured by dynamic light scattering (DLS), 

respectively. Transmission electron microscopy (TEM) images of blank NP (d), NP-

14f (e), and T1144-NP-14f (f). Bar: 100 nm. CLSM images of Rhodamine-T1144-NP-

coumarin-6 assembly (g). NPs were loaded with coumarin-6, and T1144 was 

conjugated with Rhodamine for imaging (Rhodamine-T1144-NP-coumarin-6). Scale 

bar is 50 μm. 
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Fig. 3. Quantitative measurement of in vitro uptake of T1144-NP-coumarin-6, NP-

coumarin-6, and coumarin-6 solution in MT-2 cells and M7 cells. Cellular uptake of 

T1144-NP-coumarin-6, NP-coumarin-6, and coumarin-6 solution was detected at 

different temperatures (4 ºC and 37 ºC) after incubation for 2 h at coumarin-6 

concentrations ranging from 25 to 600 ng/ml in MT-2 cells (a), and M7 cells (b). The 

uptake of T1144-NP-coumarin-6 and NP-coumarin-6 were much higher than 

coumarin-6 solution at both 4 ºC and 37 ºC. Cellular uptake of T1144-NP-coumarin-6, 

NP-coumarin-6, and coumarin-6 solution in MT-2 cells (c), and M7 cells (d) after 

incubation for 0.5 to 8 h at the coumarin-6 concentration of 200 ng/ml. T1144-NP-

Coumarin-6 exhibited significantly higher fluorescence intensity than that of 

coumarin-6 solution at every experimental time point. Each sample was tested in 

triplicate, and the experiment was repeated twice with similar results. The data are 

presented as mean ± SD (bars) from a representative experiment. *P < 0.05, **P < 

0.01, ***P < 0.001. 
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Fig. 4. Inhibitory activity of T1144-NP-14f. (a) The inhibitory activity of T1144-NP-

14f against 6-HB formation between N36 and C36 was detected by ELISA. (b) 

Inhibition of HIV-1 Env-mediated cell-cell fusion. (c) The inhibitory activity of 

T1144-NP-14f against infection by HIV-1 IIIB (subtype B, X4) in MT-2 cells. (d) The 

inhibitory activity of T1144-NP-14f against infection by HIV-1 Bal (subtype B, R5) in 

M7 cells. Each sample was tested in triplicate; the data are presented as mean ± SD. 
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Fig. 5. In vitro release and in vivo pharmacokinetic studies of 14f solution, NP-14f, 

and T1144-NP-14f. (a) In vitro cumulative release of 14f from 14f solution, NP-14f, 

and T1144-NP-14f in PBS (pH 7.4) with 0.1% Tween-80 at 37 
o
C. (b) Plasma 14f 

concentration-time curves after i.v. administration of 14f, NP-14f, and T1144-NP-14f 

to SD rats at a dose of 5 mg/kg through the tail vein. At predetermined time points, 

blood samples were collected and determined. Each sample was tested in triplicate. 

 

 

 


